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The scalar meson exchange in — > P^P^'y decays is discussed in a chiral invariant framework where the scalar 
meson poles are incorporated explicitly. (j> -k^tt'^'y and <^ n'^riy are in agreement with recent experimental data 
and can be used to extract valuable information on the properties of /o(980) and ao(980) respectively. (j> K'^K^'y 
is shown not to pose a background problem for testing CP violation at Da$ne. The ratio cj) /o7/ao7 is also 
predicted. 



1. INTRODUCTION 

The radiative decays of light vector mesons 
= p, cj, 0) into a pair of neutral pseudoscalars 
(P = Tr°, K°,r]), V P^P^-f, are an excellent 
laboratory for investigating the nature and ex- 
tracting the properties of the light scalar meson 
resonances {S — cr, ao,/o). In addition, their 
study complements other analyses based on cen- 
tral production, D and J/ip decays, etc. Par- 
ticularly interesting are the (j> radiative decays, 
namely (j> — > 7r''7r'^7, (p Tr^rjj and cj) K'^K'^j, 
which, as we will see, can provide us with valu- 
able information on the properties of the /q (980) , 
ao(980) and cr(500). The ratio — > /o7/ao7 can 
also be used to extract relevant information on 
the scalar mixing angle. 

In Sec. El the most recent experimental data 
on the (j) P^P^-f decays is presented. Sec. 13 
is a short review of the approaches used in the 
literature to study these processes emphasizing 
the different treatments of the scalar contribu- 
tion. (j> — > 7r°7r°7, (j) TT^rij and K^K^^ 
are discussed in Sees. 0] |51 and El respectively. 
The ratio (j) — > /o7/ao7 is discussed in Sec. [7| 
Concluding remarks are presented in Sec. |H| 
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2. EXPERIMENTAL DATA 

For (f) — > 7r*'7r'^7, the first measurements of this 
decay have been reported by the SND and CMD- 
2 Collaborations. For the branching ratio they 
obtain B((/. -> 7r07r°7) = (1.221 ±0.098 ±0.061) x 
lO-'^ ^ and (1.08±0.17±0.09) x 10"'* ^. More 
recently, the KLOE Collaboration has measured 
B(0 ^ 7r°7r%) = (1.09 ± 0.03 ± 0.05) x 10"* 0. 
In all the cases, the spectrum is clearly peaked at 
m^TT ~ 970 MeV, as expected from an important 
/o(980) contribution. 

For (j) — > 7r"?77, the branching ratios measured 
by the SND, CMD-2 and KLOE Collaborations 
are B{(j) TT°r]-f) = (8.8 ± 1.4 ± 0.9) x 10"^ 
m, (9.0 ± 2.4 ± 1.0) X 10-5 and B((/) ^ 
7r0777) = (8.51 ±0.51 ±0.57) x 10"^ (r/ 77) and 
(7.96 ± 0.60 ± 0.40) x 10"^ (r? ^ tt+tt-tt") 0. 
Again, in all these cases, the observed mass spec- 
trum shows a significant enhancement at large 
vr'^jy invariant mass that is interpreted as a man- 
ifestation of the dominant contribution of the 
flo (980)7 intermediate state. 

For (f> K'^K'^j, no experimental data is yet 
available. 

For the ratio (f) — s- /o7/ao7j the experimental 
value measured by the KLOE Collaboration is 
i?(0^/o7/ao7) = 6.1±O.6 [Sj. 



3. THEORETICAL FRAMEWORK 

A first attempt to explain the V p^p'^^ de- 
cays was done in Ref. 6 using the vector me- 
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son dominance (VMD) model. In this frame- 
work, the V — > P^P^^ decays proceed through 
the decay chain V -> VP° P°P°j. The 
intermediate vectors exchanged are V — V' — 
p for (f) tt'^tt'^^, V = p and V' — uj for 
(f> 7r°r;7, and V = K*° and V = K*° for 
K^K^^j. The calculated branching ratios 

=5.4x10-6 

(B) are found (for 
the first two processes) to be substantially smaller 
than the experimental results. 

Later on, the V p^p^^ decays were stud- 
ied in a Chiral Perturbation Theory (ChPT) con- 
text enlarged to included on-shell vector mesons 



nVMD — 1 9 V 1 nVMD 

and Sj^fgo^o^ - 2.7 x 10 



[7]. In this formalism, B^_ 



= 5.1 X lo-^ 

= 7.6 X 



Bl = 3.0 X 10-5 and ^„ ^„ 

Taking into account both chiral and VMD 
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contributions, one finally obtains sj^^o^o^ = 

6.1 X 10-5 and sI'^V^ = 3.6 x 10"^ which 
are still below the experimental results, and 
5n^|o, = 7.6x10-^0. 

Additional contributions are thus certainly re- 
quired and the most natural candidates are the 
contributions coming from the exchange of scalar 
resonances. A first model including the scalar 
resonances explicitly is the no structure model, 
where the V p^p^^ decays proceed through 
the decay chain V — > S'7 p'^p'^j and the cou- 
pling VS^ is considered as pointlike. This model 
is ruled out by experimental data on (j) —> tt'^tt'^j 
decays . A second model is the kaon loop model 
[S], where the initial vector decays into a pair of 
charged kaons that, after the emission of a pho- 
ton, rescatter into a pair of neutral pseudoscalars 
through the exchange of scalar resonances. 

The previous two models include the scalar res- 
onances ad hoc, and the pseudoscalar rescattering 
amplitudes are not chiral invariant. This prob- 
lem is solved in the next two models which are 
based not only on the kaon loop model but also 
on chiral symmetry. The first one is a chiral uni- 
tary approach (Ux) where the scalar resonances 
are generated dynamically by unitarizing the one- 
loop pseudoscalar amplitudes. In this approach. 



b]1^ 00 = 8 X 10 
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5 X 10-8 10 



= 8.7 X 10- 



The sec- 



ond model is the Linear Sigma Model (LcrM), a 
well-defined U{3) x C/(3) chiral model which in- 
corporates ab initio the pseudoscalar and scalar 
mesons nonets. The advantage of the LcrM is to 
incorporate explicitly the effects of scalar meson 
poles while keeping the correct behaviour at low 
invariant masses expected from ChPT. 

In the next four sections, we discuss the scalar 
contributions to the <p ~* tt^tt'^j, (f> — *■ w'^rjj and 
(j) K^K^^ decays, and the ratio foj/aoj, 
in the framework of the LtrM. 



The scalar contribution to this process is driven 
by the decay chain K'^K~{'^) 7r°7r°7. 
The contribution from pion loops is known to be 
negligible due to the Zweig rule. The amplitude 
for (j){q* ,e*) 7r°(p)7r°(p')7(q, e) is given by 



egs 



where {a} = (e* • e) {q* ■ q) - (e* ■ q) {e ■ q*), 
= s is the dipion invariant mass and 
L{m'^o^o) is a loop integral function. The (pKK 
coupling constant gs takes the value \gs\ — 4.5 
to agree with V'^^j^^^. =2.10 MeV jfj. The 
K^K~ 7r°7r° amplitude in Eq. (Q) is calculated 
using the LcrM and turns out to be 



A 



LctM 

K+K-^TT°n° 



-s/2 



-C(/)5(C(/)£ 



-ifl-s 



V2s(j)s) 

V2c(/)s) 



(2) 



where Ds{s) are the S — a, fo propagators, (ps 
is the scalar mixing angle in the quark-flavour 
basis and {c(j)s,S(j)s) = (cos 0s, sin ^5). A Breit- 
Wigner propagator is used for the cr, while for 
the fo a complete one-loop propagator taking into 
account finite width corrections is preferable [S] 

US). 

It is worth mentioning that the amplitude 
is the result of adding a resonant amplitude con- 
taining the scalar poles in the s-channel — the a 
and fo poles in Eq. — and a non-resonant one 
including all other contributions. This latter is 
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Figure 1. dB(<;/> 7r"7r°7)/dm^o^o x 10* (in MeV'^) 
versus m^o^o (in MeV). The dashed, dotted and dot- 
dashed lines correspond to the contributions from the 
LctM, VMD and their interference, respectively. The 
solid line is the total result. The long-dashed line 
is the chiral-loop prediction. Experimental data are 
taken from Ref. U (solid star) and Ref. ^ (open 
diamond). 



obtained from the subtraction 

yl non-res. AX 

-lim 4™''- or "'^"''/^ 

nnim^_^^_oo -^0^7rO7rO7 2f^fK ' 

where A^^^o^^o^ is the corresponding chiral-loop 
amplitude, A^_^^o^o^ oc s/Af^fx, and A'^^^a^o^ 
is the aforementioned resonant contribution. In 
this way, A^_^~^o^o^ encodes the effects of all res- 
onances in the t- and u-channel — and also of 
higher spin resonances in the s-channel — in the 
limit mn — > 00. 

Notice also that for ms 00 {S = cr, /o), the 
amplitude Q reduces to the chiral-loop predic- 
tion and is thus expected to account for the lowest 
part of the tttt spectrum. In addition, the pres- 
ence of the scalar propagators in Eq. ||2Jl should 
be able to reproduce the effects of the /o (and 
the cr) pole(s) at higher tttt invariant mass val- 
ues. This complementarity between ChPT and 
the LuM makes the whole analysis quite reliable. 

The final results for A{(l) 7r°7r°7) are then the 
sum of the LaM contribution in Eq. ^ plus the 
VMD contribution that can be found in Ref. [2] • 
The TT^TT^ invariant mass distribution, with the 



Figure 2. dB(<;/> 7r%7)/dm^o^ x 10^ (in MeV"') 
versus m^o^ (in MeV). The curves follow the same 
conventions as in Fig.Q Experimental data are taken 
from Ref. |1] (solid star) and Ref. [S]: (open diamond) 
from ry 77 and (solid diamond) from rj Tr+Tr^Tr". 



separate contributions from the LtrM, VMD and 
their interference, as well as the total result, are 
shown in Fig. □ We use = 478 MeV [H] . 
Fg. = 256 MeV, as required by the LcrM, nifg = 
985 MeV and (j^s = -9° [TT]. Notice that the 
contribution of the a to this process is suppressed 
since ga-KK « (rri^ — n^'ji) — for iria — rnx — 
by contrast, the chiral loop prediction shows no 
suppression in the region rriT^.^ ~ 500 MeV, see 
Fig. ID 

Integrating the tt^tt" invariant mass distribu- 
tion over the whole physical region one finally ob- 
tains 5(0 tt'^tt^) = 1.16 X 10-*. The shape 
of the TTTT mass spectrum and the branching ratio 
are in agreement with the experimental results. 
However, both predictions are very sensitive to 
the values of the /o mass and the scalar mixing 
angle (this latter because of 5/0 tttt oc sin^s). Con- 
sequently, the (j) 7r°7r°7 decay could be used to 
extract valuable information on these parameters. 



5. — > TT 777 

The scalar contribution to the — > 7r°?77 de- 
cay is identical to that of ^ 7r'^7r'^7 with the 
replacement of ^J^i^^-^^o^o by ^^"+^-^^o„ in 
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Eq. (|2Jl. This latter amplitude is written as 



A 



LctM 

K+K-- 



m +m 



'-{c(f)p — V^sq 



(4) 



where <^p is the pseudoscalar mixing angle and 
Dao{s) the complete one-loop oq propagator [5]. 

The separate contributions to the tt^t] invari- 
ant mass distribution, and the total result, are 
shown in Fig. 12 The chiral loop prediction is also 
included for comparison. We use niag = 984.7 
MeV 113 and (j)p = 41.8° HI]. Integrating the 
TT^ri invariant mass spectrum one obtains B{(j) —>■ 
T^'^Vl) = 8.3 X 10~^. The Tr^Ty mass spectrum and 
the branching ratio are in fair agreement with ex- 
perimental results and with previous phenomeno- 
logical estimates |16I17| . 
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Figure 3. dB{(j) K°K°-f)/dmKOKO x 10^ (in 
MeV~^) versus nij^oj^o (in MeV). The solid line is 
the total result. The long-dashed line is the chiral- 
loop prediction. 
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This process is interesting to study since it 
could pose a background problem for testing CP 
violation at Da<i>nc. The analysis of CP- violating 
decays in ^ K^K^ has been proposed as a 
way to measure the ratio e'/e ^Bl, but because 
this means looking for a very small effect, a 
B{<j) K^K^-f) > 10^^ will hmit the precision 
of such a measurement. 

The scalar contribution to the (j) — > K^K^^ 
decay is again identical to that of tt^tt^^ 
(since it is driven by the same charged kaon 
loop) with the replacement of A^^-^^o^yO by 
■^](+K-^KOKO ®- ^^^^ latter amphtude 

is written as 

■^K+K-~>KOKO ~ 



's/2 



■{c(j)s - V2s(t)s) 



(5) 



where the contributions of the uq, /q and a 
mesons are explicitly shown. The a contribu- 
tion to this process is negligible not only because 
of the aKK coupling suppression if nia- — ttik 
but also for kincmatical reasons. The contri- 
butions of the flo and /o are of the same order 
but with opposite sign {gjoK+K- — 9foK°K° ^^^^ 
9aoK+K- ~ ~9aoK°K° "^^^ ^o isospin iuvariauce). 



The K^K'^ invariant mass distribution is shown 
in Fig. 13 The chiral loop prediction is also in- 
cluded. Integrating the K^K^ invariant mass 
spectrum one obtains 5(0 K^K'^^) = 6 x 
10~^. This value is in agreement with previ- 
ous phenomenological estimates |10I19| (see also 
Ref. [191 for a review of earlier predictions). No- 
tice that the branching ratio obtained here is one 
order of magnitude larger than the chiral-loop 
prediction '7'. However, it is still one order of 
magnitude smaller than the limit, 0(10^^), in 
order to pose a background problem for testing 
CP-violating decays at Da<I>ne. 

7. <j)^ fol/aoj 

In the kaon loop model, these two processes are 
driven by the decay chain — > (j) — s- /07 

and ao7. The amplitudes are given by 



{a} L{mj^{ao)) X 9Mao)K+K- , (6) 



where the scalar coupling constants are fixed 
within the LcrM to 



9foK+K- 
9aoK+K- 



2/^ " (S'/'g + V2C05) 

2//f 



(7) 
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The ratio of the two branching ratios is thus 

xJii^^(s05 + y2c0s)^ 

where the approximation is valid for m ~ . 
For 0s = -9°, one gets R^^t , ~ 1.5 
which should be compared to the experimental 
value R^'^^^/^^^ = 6.1 ± 0.6 However, this 
value is obtained from a large destructive inter- 
ference between the /o7 and (77 contributions to 
(j) — > 7r*'7r''7, in disagreement with other exper- 
iments [J. Conversely, the measurement of the 
ratio could be used to get some insight into the 
value of the scalar mixing angle. 



• The decay 4> K'^K^j is confirmed not to 
pose a background problem for testing CP 
violation at Da<i>ne. The ratio /o7/ao7 
may be used to obtain valuable informa- 
tion on the scalar mixing angle and on the 
nature of the /o(980) and ao(980) scalar 
states. 
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8. CONCLUSIONS 

• The radiative decays (f> — > Tr'^ir'^'f, (f> — > n'^rij 
and (p ~^ K^K^^ have been shown to be 
very useful to extract relevant information 
on the properties of the /o(980), ao(980) 
and (t(500) scalar resonances. 

• The complementary between ChPT and the 
LctM is used to parametrize the needed 
scalar amplitudes. This guarantees the ap- 
propriate behaviour at low dimeson invari- 
ant masses but also allows to include the 
effects of the scalar meson poles. 

• The LtxM predictions for the invariant mass 
spectra and their respective branching ra- 
tios of the (t> — > TT^TT^^ and (j) tt'^tij decays 
are compatible with experimental data. 

• The prediction for —^ tt'^tt'^j is dominated 
by /o(980) exchange and is strongly depen- 
dent on the values of mf^ and 4>s- For 
the preferred values mfg — 985 MeV and 
(pS — —9°, one obtains B{(j) 7r'^7r°7) — 
1.16x 10"**. The suppression of the a contri- 
bution to this process is explained in terms 
of the smallness of the aKK coupling for 
TTio- ~ TTiK- The process (j> — > tt'^tj^ is dom- 
inated by ao(980) exchange. For the values 
ma„ = 984.8 MeV and (j)p = 41.8°, one ob- 
tains 5(0 Tr°r]-f) = 8.3 x 10"^ 
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